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Abstract The function of additives is either to enhance
an already-existing property of the base fluid or to add a
new property. Viscosity index improvers, antifoaming
agents, emulsifiers, demulsifiers, and pour point depres-
sants are examples of different kinds of additives. Most of
the present day additives are synthetic acrylate based. But
with increasing environmental awareness, the research in
the area towards the synthesis of multifunctional biode-
gradable lubricating oil additive is increasing day by day.
Hence, in our present work chemistry of biodegradable
multifunctional lubricating oil additive based on vegetable
oil (sunflower oil) has been investigated. In the present
work solvent-free synthesis of homopolymer of sunflower
oil was performed by two different ways; microwave
irradiation method and thermal method using benzoyl
peroxide as initiator. Characterization of the polymers was
done by spectral (NMR, IR), GPC and viscometric analysis
and finally performance evaluation was tested by standard
ASTM methods. Performance evaluation as pour point
depressant, viscosity modifier or viscosity index improver
and antiwear in different base oils (BO1, BO2) was carried
out by standard ASTM methods. Shear stability and oil
thickening property of the polymers have also been
investigated and reported here. Thermal stability of the
polymers was determined by thermogravimetric analysis.
A comparison of their performances has also been reported.
The additive prepared by microwave-assisted method
showed better viscosity index and pour point values as
compared to thermally prepared additive. Thus, polymer-
ized sunflower oil may be used as a potential biodegradable
lube oil additive and hence the microwave-assisted proto-
col may be considered as a cost-effective greener approach
for synthesis of lube oil additive.
Keywords Thermal stability  Intrinsic viscosity 
Viscosity index improver  Antiwear property  ASTM
method  Shears stability index  Biodegradability test 
Pour point depressant
Abbreviations
ASTM American society for testing and materials
THF Tetrahydrofuran
HPLC High-performance liquid chromatography
Mn Number average molecular weight
Mw Weight average molecular weight
C Concentration (g cm-3)
KV Kinematic viscosity (centistokes or cSt)
TMS Tetramethylsilane
Background
Lubricant is a substance (often a liquid) reduces the friction
and wear when introduced between two moving surfaces.
A lubricant provides a protective film which allows for two
touching surfaces to be separated and thus lessening the
friction between them. Hence, in internal combustion
engines lubricant is very essential for longer life of the
engine. Lubricants are generally composed of a majority of
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base oil plus a variety of additives to impart desirable
characteristics. The types of the lubricant depend upon the
types of base oils. The base oils may be mineral (petroleum
originated), synthetic (polyalphaolefins, polyalkylene gly-
cols, synthetic esters, silicones etc.) or vegetable (sun-
flower oil, soybean oil, palm oil etc.). When the base oil is
a vegetable oil, then the lubricant is known as biolubricant,
in case of synthetic oil it is called synthetic lubricant and
when the base oil is mineral or petroleum based then the
lubricant is known as mineral lubricant. Most of the
lubricants used today are mineral or petroleum based and
are a mixture of paraffinic, naphthenic and aromatic
hydrocarbons. Nowadays, with increasing environmental
pollution although it is essential to use vegetable oils as
base fluid rather than mineral oil or synthetic ester based
oils, but due to the poor oxidative and hydrolytic stability,
high temperature sensitivity of tribological behavior, poor
cold flow properties and high cost vegetable oils are very
limitedly used as base oils for industrial lubricants [1, 2].
So, the petroleum-based fluids are still now dominated in
the lubricant market due to its ease availability and lower
cost.
The base oils cannot satisfy all the requirements of
modern engines. Hence, a large number of functional
additives are added to the lube oil to enhance the charac-
teristic properties already present or to impart some new
additional properties. Their amount varies from [1 % to
30 % or more [3]. The lube oil additives commonly used
are viscosity modifier (VM) or viscosity index improver
[4], pour point depressant (PPD) [5], antioxidant [6, 7],
antiwear [8, 9], extreme pressure agent etc. Since multi-
functional additives induce more than one of the above
performances, research throughout the world is increas-
ingly directed toward producing such type additives. The
commercial synthetic acrylate-based additives are non-
biodegradable and their widespread use has raised many
environmental concerns. Due to increasing environmental
pollution the direction towards the development of envi-
ronmentally benign green polymeric additive in the lubri-
cant chemistry is increasing day by day. There are lots of
examples where biodegradable vegetable oils [10–12] are
used for the synthesis of such type of polymeric additives.
Sulfurized vegetable oil derivatives are used as lubricating
oil additive since long time [13]. The US Patent 4970010
(1990) and 5282989 (1994) disclosed the use of sulfurized
vegetable oils as lube oil additive (as extreme pressure and
antiwear). Sulfurized vegetable wax esters as an antiwear,
friction modifier and extreme pressure additive were
described in US pat. No. 4152278. The biodegradable
vegetable oil composition for lubricant was disclosed in US
Patent 6534454 B1 in the year 2003. The application of
meadowfoam oil and meadowfoam oil derivatives as
lubricant additive was claimed in US Patent 4925581
(1990). US Patent 3849323 refers to blended petroleum
products for lubrication containing natural oil, such as
jojoba oil. Recently, in the International Conference on
Chemical Processes and Environmental issues (IC-
CEEI’2012) the synthesis of pour point depressant from
sunflower oil has been discussed.
Due to excellent tribological properties and predomi-
nantly polyunsaturated fatty acid composition (Table 1),
sunflower oil was chosen for our present work. In this
work, homopolymer of sunflower oil was synthesized
without adding any solvent by thermal as well as a greener
way, microwave-assisted method. Their characterization
and finally additive performances for their end application
were observed by standard ASTM methods.
Methods
The radical polymerization of sunflower oil was carried out
using benzoyl peroxide (BZP) as initiator in two different
ways, thermal and microwave irradiation method. Then
characterization of the prepared additives was done by
spectral (FT–IR and NMR) technique. The average
molecular weight of the prepared polymeric additives was
determined by gel permeation chromatography (GPC) and
viscometric analysis. In GPC, the number average molec-
ular weight (Mn) and weight average molecular weight
(Mw) were measured. THF of HPLC grade was used as
mobile phase in the Water GPC system (polystyrene cali-
bration) at 40 C. In viscometric method, the viscosity
average molecular weight (M) was calculated using Mark
Houwink–Sukurda relation (MHS) (Eq. 1) by Ubbelohde
OB viscometer at 40 C taking eight different concentra-
tions (g cm-3) of the polymeric additives in toluene [14,
15]. Chronometer was used for recording flow times. The
intrinsic viscosity of the additives which is required for
their average molecular weight calculation by MHS
Table 1 Fatty acid profile of SFO
Fatty acid % Composition (max)
Saturated
C12:0 (lauric acid) –
C14:0 (myristic acid) –
C16:0 (palmitic acid) 6.8
C18:0 (stearic acid) 5
C20:0 (arachidic acid) 1
Unsaturated
16:1 (palmitoleic acid) –
18:1 (oleic acid) 31.1
18:2 (linoleic acid) 56
18:3 (linolenic acid) 0.2
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equation was evaluated by graphic extrapolation method
[16, 17, 18] using the Eqs. 2 and 3
MHS g½  ¼ KMa ð1Þ
Huggins ðHÞ gspC ¼ g½ h þ k g½ 2hC ð2Þ
Kraemer (K) In gr=C ¼ g½ k  kk g½ 2kC ð3Þ
where, [g] is the intrinsic viscosity in dL g-1, M is the
viscosity average molecular weight, K and a are visco-
metric constants for given solute–solvent system and
temperature, gr is relative viscosity or ratio of viscosity of
the polymeric solution and pure solvent, gsp is the specific
viscosity, k is reaction coefficient and C is concentration of
the additives in toluene. The subscripts h and k are denoted
for Huggins and Kraemer equation, respectively. In MHS
equation, the constants K = 0.00387 dL g-1 and
a = 0.725 were employed and adequate precautions
against evaporation of the solvent during viscometric
measurements were taken. The relationship kh ? kk = 0.5
[18] has taken into account to predict the extent of inter-
action among the polymer and base oil.
Thermal stability of the additives was also determined.
Solubility in different base oils was tested. Shear stability and
oil thickening properties were also measured. The multi-
functional performance (viscosity index improver, pour point
depressant and antiwear) of the additive-doped base oil was
evaluated by standard ASTM methods. A comparison of the
performance of the additives prepared by the two processes
was discussed in conclusion. Finally, the microbial degrada-
tion of the polymers was tested (1) by disc diffusion method
[19] against fungal pathogens and (2) by soil burial degrada-
tion test as per ISO 846:1997 [20]. The degradation was
confirmed by measuring the shift of IR frequency of the ester
carbonyl after the biodegradability test.
Results and discussion
Spectral analysis
The IR absorption in the region 1,736.8–1,732 cm-1 of the
homopolymers of sunflower oil (SFO) prepared by the two
processes showed the presence of ester carbonyl groups.
Peaks from 2,944.1 to 2,851.6 cm-1 for C–H stretching
and 1,454.2–1,372 cm-1 are due to bending vibrations of
–CH3 and –CH2 groups. Peaks from 1,245.9 to
1,069.5 cm-1 were due to the ester C–O stretching vibra-
tion. The presence of peaks at 1,654.8–1,675 cm-1 for
olefinic bonds was observed for SFO and their absence
indicates the formation of homopolymer. 1H NMR of
polymers of SFO (Figs. 1, 2) showed broad peaks in the
range at 4.12–4.32 ppm due to ester methylene protons.
The proton decoupled 13C NMR of SFO showed peak at
172.9–178.7 for protons of –OCH2 groups of the triester.
The absence of unsaturation was indicated by the absence
of peaks in the range 130–150 ppm.
The thermal stability obtained from TGA results of the
two polymers is shown in Fig. 3, where the percent weight
loss (PWL) of the polymers is plotted against increase in
temperature (C). The figure shows that at any particular
temperature the percentage of decomposition of the
homopolymer of SFO prepared by microwave irradiation
(P-2) is lower as compared to the homopolymer prepared
by thermal method (P-1). The PWL of the two polymers
with increase in temperature is listed in Table 2. From the
values it was seen that percentage of weight loss for P-1 at
290 and 400 C are 35 and 92 %, respectively, and for P-2
at the same temperatures 17 and 74 %, respectively.
Therefore, it is clear that thermal stability of P-2 is higher
as compared to P-1. This may be due to relatively more
linear arrangement of P-2 polymer as compared to P-1. On
the other hand, in thermal method the larger reaction time
for polymerization increases the possibility of branching
(which give rise to more number of tertiary carbons) and
that is the probable reason for lower thermal stability of P-1
as compared to P-2.
The intrinsic viscosity values for both the polymers,
obtained from two different Eqs. (1, 2), have little differ-
ence. The higher values indicate that both the polymers
have fairly strong interaction with the solvent. kh values
also indicate good solvation which is further supported by
the kh ? kk values, and thus point towards the formation of
the chain-like structure of the present polymer as discussed
earlier [18]. Molecular weights (viscosity average, Mn and
Mw) for P-1 and P-2 obtained by Mark–Houwink equation
and GPC obtained showed excellent correlation (Table 3).
The polydispersity index (PDI) data of both the polymers
prepared by the two methods are very close to one which
indicates that molecular weight distribution of the poly-
mers is uniform and the molecules are linear with little
branching. This is very significant observation because,
with increasing linearity the extent of interaction of the
additive with the base oil increases and as result of that
yielded a better additive performances.
Thickening power of both the homopolymers as evalu-
ated in different base stocks (Table 4) indicated a gradual
increase with increase in concentration of the additives
(Table 5). The result showed that the thickening power of
the additives in BO1 base oil is far better than BO2 base
oil. The difference in thickening effect of the two base oils
doped with additives is due to the difference in interaction
of the additives with the base oils. The interaction of the
additive with BO1 base oils is far better as compared to
BO2 and as a result of which increase in viscosity of BO1
base oil doped with the additives by unit amount is rela-
tively higher. The results also showed that P-2 polymer is a
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better thickener compared to P-1 polymer, i.e., in com-
parison with P-1, base oil doped with P-2 forms better film
in the lubricated surface and is more economical as far as
the fuel consumption and engine lifetime are concerned.
The prepared homopolymers were tested for their
effectiveness as viscosity index improvers by measuring
the VI of the respective additive-doped base oils and the
values are given in Table 5. The test method (ASTM D
Fig. 1 1H NMR of thermally
prepared SFO polymer (P-1)
Fig. 2 1H NMR of
homopolymer of SFO prepared
by MI method (P-2)
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2270-10 method) comprises the determination of the KV of
the base oils containing different doping concentrations
(2–5 %, w/w) of the additives at 40 and 100 C. As the
temperature is raised, the lube oil viscosity decreases;
meanwhile, the polymer molecule expands and as a result
of which its hydrodynamic volume increases. The increase
in the size of the solvated polymer molecules counterbal-
ance the reduction of the viscosity of the lube oils with
temperature [21]. This effect is more pronounced in case of
P-2 polymer rather than P-1. The data indicate that VI
increases with increasing the concentration of the prepared
additives in solution [22] and the P-2 polymer-doped base
oils showed higher VI values (Fig. 4) as compared to P-1
doped base oils. The results also indicated that the BO1
base oil showed better performance initially due to greater
interaction with the additives. At higher concentration of
the additives the BO2 base oil showed higher viscosity
index.
Shear stability of both the polymers was evaluated in
two base oils (Table 6). The stability of the polymers
against shear decreases with increasing the PSSI values
[23]. It is observed that the PVL values increase with
increasing the concentration of polymer and as a result of
which the PSSI values also increase. But at higher con-
centration of the additives the PSSI values decrease. This
implies that the stability against shear decreases with
increasing the polymer concentration up to a certain limit
and at higher concentration it increases. The thermally
prepared polymer, P-1 is more shear stable than P-2.
PPD properties of both the polymers (Table 7) as eval-
uated in different base stocks showed a good depression in
the base stocks studied. It was found that the efficiency
increases by increasing concentration of the additives and
P-2 polymer showed better depression in pour point at
higher concentrations than that of the P-1. Therefore,
although both the polymers may be used as potential PPD
for the base stocks, but the polymer prepared by microwave
method is better compared to thermally made polymer.
The antiwear (AW) results showed in Table 8 indicate
that with increase in the applied load WSD decreases and
P-2 showed lower scar diameter compared to P-1 in both
the base oils (BO1 and BO2). With the increase in con-
centration of the additives the scar diameter value also
decreases. Since larger wear scar diameter indicates severe
wear, thus the P-2 additive possessed higher wear-resis-
tance properties than P-1 and the base oils (Fig. 5).
Analysis of biodegradability test result
Table 9 presents biodegradability test results obtained
using disc diffusion method and soil burial test method.
Polymers of SFO prepared by two different methods
showed significant biodegradability against the fungal
pathogen, Alternaria alternata. Result of soil burial test
also indicated the similar extent of biodegradability. It was
further confirmed by the shift of IR frequency of the ester
carbonyl after the test is over. The commercial acrylate-
Fig. 3 TGA analysis results of the two polymers
Table 2 TGA analysis results
of the polymeric additives
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based additives are non-biodegradable and do not respond
to this test. The test result for biodegradability (DD and
SBT) of homopolymer of dodecylacrylate (HDDA) along
with the same for P-1 and P-2 is depicted in Table 9. Test
results are positive with P-1 and P-2, but as was also
reported earlier [15], HDDA does not show any weight loss




Refined sunflower oil (almost 87 % unsaturation) was
collected from S K Oil Industries (India) and its fatty acid
profile is given in Table 1. BZP (GC 98 %), obtained from
Loba Chemie Pvt. Ltd. (India), was recrystallized from
CHCl3–MeOH before use. Base oils (BO1 and BO2) were
collected from IOCL, Dhakuria, West Bengal, India. The
fungal specimens were collected from Department of
Microbiology, North Bengal University, West Bengal,
India.
Synthesis of the polymer
The polymerization of SFO was performed by two different
processes; conventional thermal procedure and greener
microwave irradiation (MI) method. The details of syn-
thetic and purification procedure of the additive are dis-
cussed below and also mentioned in Table 10.
Thermal polymerization
Synthesis of homopolymer of SFO by thermal method
(P-1) was performed at 90 C in a four necked round
bottom flask for 6 h without adding any solvent. The flask
was fitted with a magnetic stirrer, condenser, thermometer,
and an inlet for the introduction of nitrogen. 10 g of the
monomer was introduced in it and heated at 90 C for
30 min. Then, 0.1 % BZP was added to it as an initiator
and the mixture was heated at 90 C with continuous
stirring. The reaction occurs via radical mechanism. After
the desired time, the flask was cooled to room temperature,
and to terminate the polymerization the reaction mixture
was poured into methanol with stirring until the precipi-
tation was completed. It was then purified by repeated
precipitation of its hexane solution by methanol followed
by drying under vacuum at 40 C.
Microwave-assisted polymerization
Polymer of SFO by MI method (P-2) [24] was synthesized
in a focused mono-mode microwave oven (CEM corpora-
tion, Matthews, NC, USA) applying 300 WT for 30 min at
90 C by adding 0.1 % (w/w) BZP as initiator. The same
amount of monomer (SFO) with 0.01 g BZP was taken in
Table 3 Intrinsic viscosity, viscometric constant and molecular weight values (g mol-1) determined by Mark–Houwink equation and GPC
Samples Intrinsic viscosities Viscometric constants Average molecular weight values
[g]h [g]k kh kk kh ? kk Mh Mk Mw 9 10
4 Mn 9 10
4 PDI
P-1 6.784 6.667 0.367 0.126 0.493 29,797 29,090 3.1 3.02 1.026
P-2 6.973 6.762 0.335 0.13 0.465 30,949 29,661 3.21 3.1 1.035
h and k refers to Huggins and Kraemer Equations, respectively, PDI polydispersity index
Table 4 Physical properties of base oils
Properties BO1 BO2
Density (g cm-3) at 40 C 0.840 0.941
Viscosity at 40 C in cSt 6.708 24.229
Viscosity at 100 C in cSt 1.774 4.016
Viscosity index 80.05 89.02
Cloud point (C) -5 -8
Pour point (C) -3 -6
Table 5 Viscosity index (VI) and thickening (THK) values
Sample Base oil Percentage (w/w) of the additives in different base oils
2 % 3 % 4 % 5 %
THK VI THK VI THK VI THK VI
P-1 BO1 2.761 113 3.822 126 5.177 131 6.208 131
BO2 1.01 101 1.567 127 2.19 163 3.135 205
P-2 BO1 2.841 121 3.935 131 5.432 128 6.807 131
BO2 1.093 103 1.619 130 2.259 164 3.198 207
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vial and sealed with a Teflon septum. Then argon was
bubbled through the solution to get oxygen-free atmo-
sphere. The reaction mixture was magnetically stirred at
90 C with microwave heating for 30 min applying 300
WT without any solvent, which was subsequently quen-
ched by quickly cooling to room temperature and purified
following the procedure as mentioned above. The poly-
merization reaction took place via radical mechanism.
Measurements
Spectroscopic measurements
The IR absorption was recorded on a Shimadzu FT-IR
8300 spectrometer using 0.1 mm KBr cells at room tem-
perature within the wave number range 400–4,000 cm-1.
1H NMR spectra were recorded quantitatively in Bruker
Avance 300 MHz FT-NMR spectrometer using 5 mm
BBO probe. The sample solutions were prepared in deu-
terated chloroform (CDCl3) and TMS was used as refer-
ence material.
Viscometric measurements
Viscometric measurements were carried out at 40 C in
toluene solution using Ubbelohde OB viscometer as per the
method discussed earlier [14].
Thermogravimetric analysis (TGA)
The thermal stability was measured in terms of percent
degradation of weight of the polymers with the increase in
temperature (10 C min-1) by Shimadzu TGA-50 ther-
mobalance in air using an alumina crucible.
Solubility analysis
Solubility of the prepared polymers in lube oil was inves-
tigated before testing their effectiveness as viscosity index
improvers. The solubility test took place by dissolving one
Fig. 4 VI values of the two additive-doped base oils (BO1 and BO2)
at different percentage (w/w) of additive concentrations
Table 6 Shear stability of the polymer-doped base oils (BO1 and BO2)
Base oils Conc. (%) KV PVL PSSI
Before shear After shear
P-1 P-2 P-1 P-2 P-1 P-2 P-1 P-2
BO1 1 2.125 2.137 2.012 2.011 5.318 5.896 32.19 34.71
2 2.282 2.32 2.105 2.121 7.756 8.578 34.84 36.45
3 2.401 2.428 2.172 2.185 9.538 10.01 36.52 37.16
4 2.515 2.517 2.209 2.208 12.167 12.28 41.3 41.59
5 2.588 2.617 2.271 2.282 12.249 12.8 38.94 39.74
BO2 1 4.371 4.404 4.214 4.201 3.592 4.609 44.23 52.32
2 4.696 4.729 4.326 4.311 7.879 8.839 54.41 58.63
3 5.116 5.169 4.395 4.401 14.093 14.86 65.55 66.61
4 5.738 5.77 4.562 4.551 20.495 21.13 68.29 69.5
5 6.612 6.656 5.002 5.015 24.350 24.65 62.02 62.16
Table 7 Pour points of the polymeric additives in different base oils
Additives Base oils Pour points (- C) of the base oils blended
with additives in different percentage (w/w)
0 % 2 % 3 % 4 % 5 %
P-1 BO1 -3 -6 -9 -12 -15
BO2 -6 -9 -12 -15 -15
P-2 BO1 -3 -6 -9 -15 -18
BO2 -6 -9 -12 -15 -18
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gram of the polymer in hundred grams of additive-free base
oils. The (1 g/100 g) mixture has been allowed to stand
overnight. This time was enough to produce the required
swelling for the polymer. The mixture was agitated by a
Teflon-covered magnetic stirrer for 20 min at 60 C to
disintegrate the gel. To test homogeneity and thermody-
namic stability of the mixture, viscosity of two different
samples from each solution was measured.
Evaluation of thickening property
Kinematic viscosity (KV) of the base oils and that of the
polymer-doped base oils in different concentrations
(2–5 %) was evaluated at 40 C according to ASTM D445-
12 method. Thickening power of the polymer was deter-
mined by evaluating the percent increase in viscosity of the
base stocks by the addition of unit amount of additive.
Evaluation of pour point
The pour point of the base oils (BO1and BO2) at different
percent of doping concentrations (w/w) of the additives
was evaluated using the WIL-471 cloud and pour point test
apparatus model 3 (India) according to ASTM D97-11
method.
Evaluation of viscosity index
KV of the base oils containing different concentrations of
the additives was determined at 40 and 100 C. Each
sample was measured three times to minimize the error.
Finally, the viscosity index was determined according to
ASTM D-2270-10 method.
Evaluation of permanent shear stability index (PSSI)
Shear stability of the VM is one of the important criteria
that determine its suitability in a lubricant formulation. The
shear stability of the doped additive has strong influence on
multigrade engine oil’s ability to retain its viscosity under
shearing conditions, experienced by the lubricant while in
use. The loss of viscosity of a lubricant under shear can be
of two kinds, namely a temporary viscosity loss (TVL) or a
permanent viscosity loss (PVL) [23]. PVL is similar to
TVL, except that the viscosity loss is measured by KV
before and after shear. The PVL values are more frequently
expressed in terms of permanent shear stability index
(PSSI) or simply SSI, according to ASTM D6022-01 as
follows:
Table 8 Antiwear properties of the SFO polymers
Polymers Base oils Wear scar diameter of the base oils at different levels of additive concentrations (in percentage, w/w)
Load: 147 ± 2 N (15 ± 0.2 Kgf) Load: 392 ± 2 N (40 ± 0.2 Kgf)
0 % 1 % 2 % 3 % 4 % 0 % 1 % 2 % 3 % 4 %
P-1 BO1 0.981 0.955 0.940 0.937 0.934 0.961 0.931 0.925 0.918 0.917
BO2 1.116 0.996 0.982 0.978 0.973 0.985 0.965 0.957 0.949 0.944
P-2 BO1 0.981 0.951 0.938 0.927 0.921 0.961 0.928 0.922 0.916 0.911
BO2 1.116 0.982 0.976 0.968 0.964 0.985 0.961 0.953 0.945 0.942
Fig. 5 Antiwear performance of the additive-doped base oils (BO1
and BO2) evaluated as wear scar diameter (mm)
Table 9 Result of biodegradability test by disc diffusion method, soil
burial test for polymeric additives
Disc diffusion method Soil burial test










P-1 0 0 36 0 20
P-2 0 0 38.7 0 26.7
HDDA 0 0 0 0 0
CC, FE, AA and CG are different pathogens used in the DD test.
HDDA is homopolymer of dodecylacrylate
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PVL (%) = (Vi  VsÞ=Vi  100 PSSI = (Vi  Vs=Vi
 V0Þ  100
where V0 = KV of the base fluid before addition of poly-
mer, Vi = KV of unsheared oil, Vs = KV of sheared oil.
KV of fresh toluene and sheared polymer solution in tol-
uene was determined by ASTM D-445 procedure,
respectively.
AW properties
The AW properties were evaluated by Four-ball wear test
apparatus (FBWT) according to ASTM D 4172-94 method
[25] applying two different weld loads, 147 and 392 N at
75 C for 30 min. The rotating speed of the ring was
1,200 rpm. The wear scar diameter (WSD), a parameter for
the determination of antiwear performance of the oils, of the
two base oils blended with the additives at different concen-
tration levels was measured in two different applied loads.
Biodegradability test
Disc diffusion (DD) method
Biodegradation of the prepared polymer samples by DD
method was tested against four different fungal pathogens
namely Colletotrichum camelliae (CC), Fusarium equiseti
(FE), Alternaria alternata (AA) and Colletotrichum glo-
eosporioides (CG). 1.5 g of each of the polymer sample
was incubated in a Bacteriological Incubator apparatus at
37 C for 30 days. All the glass apparatus and culture
media were autoclaved before use. Culture media for
fungal strains were prepared by mixing suitable proportions
of potato extract, dextrose and agar powder. The fungal
growth was confirmed by a change of yellow to blackish.
After 30 days, polymer samples were recovered from the
fungal media and washed with chloroform, purified and
dried in an open vessel. The dried samples were weighed.
The soil burial test (SBT)
The SBT was conducted as per ISO 846:1997 method.
1.5 g of each of the additive samples was taken to produce
a film and then buried in soil [26]. The soil was collected
from North Bengal University campus having 25 %
moisture and pH 7.2. The test was carried out for 90 days
at 38 C with the relative humidity 50–60 %. After the
time period the sample films are recovered, washed (with
chloroform), purified and finally dried. The dried samples
were weighed. Percentage weight loss (PWL) of the
polymeric additives was calculated and given under:
PWL = M0  M1ð Þ=M0½   100
where M0 is the initial mass and M1 is the remaining mass
after SBT and subsequent drying till constant weight.
Conclusions
Comparison on the basis of PPD properties, AW properties
and the determined VI of the additive blended base oils
indicated that the performance of the SFO polymer prepared
by microwave method is better than the polymer prepared
by thermal method. Thermal stability of P-2 is higher as
compared to P-1. However, both of them are found more or
less equally effective as thickeners for the base oils studied.
The shear stability of P-2 is lower than P-1. In general, it is
observed that the values of viscosity index, thickening
power and pour point increase with increasing concentra-
tion. The studies also indicate that VI values of the additive-
doped base oils depend on the composition of the base oil.
Both of the additives showed significant biodegradability by
SBT and DD tests which were not expected for commercial
acrylate-based additives and this is the main advantage of
SFO additives. Therefore, it may be concluded that the
more economical microwave irradiated synthetic method
for synthesis of homopolymer of SFO is not only a greener
cost-effective approach but also a better performing one.
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Table 10 Experimental details








SFO (10 g) Thermal – BZP (0.01 g) 90 C 6 h Reprecipitation 78
SFO (10 g) MI – BZP (0.01 g) 90 C (300 wt) 30 min Reprecipitation 86
Int J Ind Chem (2014) 5:7 Page 9 of 10 7
123
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
1. Erhan SZ, Asadauskas S (2000) Lubricant base stocks from
vegetable oils. Ind Crops Prod 11:277–282
2. Adhvaryu A, Liu Z, Erhan SZ (2005) Synthesis of novel alk-
oxylated triacylglycerols and their lubricant base oil properties.
Ind Crops Prod 21:113–119
3. Pirro DM, Wessol AA (2001) Lubrication fundamentals. Marcel
Dekker, New York, pp 37–43
4. Nassar AM (2008) The behaviour of polymers as viscosity index
improvers. Petrol Sci Technol 26:514–522
5. Wu C, Zhang J, Li W, Wu N (2005) Molecular dynamics sim-
ulation guiding the improvement of EVA-type pour point
depressant. Fuel 84:2039–2047
6. Liston TV, Lowe W (1979) Antioxidant additive composition and
lubricating oil containing same. U.S Patent 4148738
7. Xiangqiong Z, Heyang S, Wenqi R, Zhongyi H, Tianhui R (2005)
Tribological study of trioctylthiotriazine derivative as lubricating
oil additive. Wear 258:800–805
8. Zhongyi H, Jinliang L, Xiangqiong Z, Heyang S, Tianhui R,
Weimin L (2004) Study of the tribological behaviors of S,
P-containing triazine derivatives as additives in rapeseed oil.
Wear 257:389–394
9. Barnes AM, Bartel KD, Thibon VRA (2001) A review of zinc
dialkyldithiophosphates (ZDDPS) characterization and role in the
lubricating oil. Tribol Int 34:389–395
10. Ghosh P, Das T, Karmakar G, Das M (2011) Evaluation of
acrylate-sunflower oil copolymer as viscosity index improvers for
lube oils. J Chem Pharm Res 3:547–556
11. Ertugrul D, Filiz K (2004) Using cotton seed oil as environ-
mentally accepted lubricant additive. Energy Sour 26:611–625
12. Maleque MA, Masjuki HH, Sapuan SM (2003) Vegetable based
biodegradable lubricating oil additives. Ind Lubr Tribol
55:137–143
13. Kammann KP Jr, Phillips AI (1985) Sulfurized vegetable oil
products as lubricant additives. J Am Oil Chem Soc 62:917–923
14. Ghosh P, Das T, Nandi D (2011) Synthesis characterization and
viscosity studies of homopolymer of methyl methacrylate and
copolymer of methyl methacrylate and styrene. J Solut Chem
40:67–78
15. Ghosh P, Das M, Upadhyay M, Das T, Mandal A (2011) Syn-
thesis and evaluation of acrylate polymers in lubricating oil.
J Chem Eng Data 56:3752–3758
16. Ghosh P, Das T, Nandi D (2009) Synthesis of copolymers and
homopolymers of methyl methacrylate and styrene and studies on
their viscometric properties in three different solvents. Res J
Chem Environ 13:17–25
17. Oliveira CMF, Andrade CT, Delpech MC (1991) Properties of
poly(methyl methacrylate-g-propylene oxide) in solution. Polym
Bull 26:657–664
18. Ivana IM, Delpech MC, Coutinho FMB, Albino FFM (2006)
Viscometric study of high-cispolybutadiene in toluene solution.
J Braz Chem Soc 12:194–199
19. Singh G, Marimuthu P, Murali HS, Bawa AS (2005) Antioxi-
dative and antibacterial potentials of essential oils and extracts
isolated from various spice materials. J Food Saf 25:130–145
20. Chandure AS, Umare SS (2007) Synthesis, characterization and
biodegradation study of low molecular weight polyesters. Int J
Polym Mater 56:339–353
21. Abdel-Azim AA, Huglin MB (1983) Selective solvation of poly-
styrene in tetralin/cyclohexane mixtures. Polymer 24:1308–1312
22. Nassar AM, Ahmed NS, Kamal RS, Abdel-Azim AA, El-Nagdy
EI (2005) Preparation and evaluation of acrylate polymers as
viscosity index improvers for lube oil. Petrol Sci Technol
23:537–546
23. Ghosh P, Pantar AV, Rao US, Sarma AS (1998) Shear stability of
polymers used as viscosity modifiers in lubricating oils. Ind J
Chem Technol 5:309–314
24. Stange H, Ishaque M, Niessner N, Pepers M, Greiner A (2006)
Microwave-assisted free radical polymerizations and copoly-
merizations of styrene and methyl methacrylate. Macromol Rapid
Commun 27:156–161
25. Kumar GS, Balamurugan A, Vinu S, Radhakrishnan M, Sen-
thilprabhu G (2012) Tribological and emission studies on two
stroke petrol engine lubricated with sunflower methyl ester. J Sci
Ind Res 71:562–565
26. Wen X, Lu X (2012) Microbial degradation of poly(3-hydro-
xybutyrate-co-4-hydroxybutyrate) in soil. J Polym Environ
20:381–387
7 Page 10 of 10 Int J Ind Chem (2014) 5:7
123
